Abstract: With a fiber pigtailed electro-optic modulator as the active Q-switch, modehopping-free single-longitudinal-mode pulses are generated by a ring cavity fiber laser based on the injection seeding technique. The experimental results show that the singlelongitudinal-mode oscillating properties of the laser may be determined by the power and the center frequency of the injection seed rather than the Q-switch waveform and modulation frequency. With the injected seed power of 200 μW, single-longitudinal-mode Q-switched pulses with the repetition rate and the pulse width from 1 to 100 kHz, and 50 to 400 ns are achieved with the laser. The output pulse linewidth can be narrowed effectively by reducing the coupling ratio of the output coupler of the laser. A stable single-longitudinal-mode pulse stream with a linewidth of 1.5 MHz is obtained with our laser, which may be the narrowest linewidth for a Q-switched fiber laser so far to our best knowledge.
Introduction
Large-energy narrow-linewidth Q-switched laser pulses, especially single-longitudinal-mode pulses, have wide applications in precision spectroscopy, differential laser radar, optical coherent detection, and optical communications [1] - [3] . Much attention has been paid to the development of singlelongitudinal-mode Q-switched laser pulses using fiber lasers because of their advantages in flexibly selecting the lasing wavelength, near diffraction-limited beam quality, high conversion efficiency, and the absence of complicated thermal management systems [4] . The single-longitudinal-mode Q-switched laser pulses may in principle be obtained by simply inserting a Q-switch into a single-longitudinal-mode fiber laser cavity. Regarding single-longitudinal-mode distributed Bragg reflection (DBR) and distributed feedback (DFB) fiber laser, stable single-longitudinal-mode Q-switched laser pulses have already been achieved by introducing a well-designed small-size Q-switch into the fiber cavity and real-time controlling the phase-shifted angle of the phase-shifted grating resonator, though it is difficult to insert a conventional active Q-switch into the ultra-short laser cavity [5] - [9] . However, the pulse energies of these ultra-short cavity Q-switched fiber lasers are fundamentally limited by relatively low energy storage of short rare-earth-doped silica fibers. For single-longitudinal-mode ring cavity (i.e., compound-ring cavity) fiber lasers [10] , although the conventional Q-switch may be inserted into the cavity easily and the pulse energies may be enhanced greatly by utilizing longer gain fiber, the introduction of Q-switch may unavoidably break the singlelongitudinal-mode operation of such lasers since the rapid modulation brought by the Q-switch impedes the building-up of single-longitudinal-mode oscillation within the limited Q-switch time.
On the other hand, injection seeding technique is an effective way to obtain narrow-linewidth single-longitudinal-mode Q-switched laser pulses in which the frequency of the emitted radiation is initially that of the external single-longitudinal-mode seed laser and then shifts to the cavity mode nearest to the seed when the field builds up in the cavity [11] . By using the injection seeding technique, single-longitudinal-mode Q-switched laser pulses have been achieved for various solidstate lasers with conventional active Q-switches [12] , [13] . Similarly, the injection seeding technique has also been applied in fiber lasers to obtain narrow-linewidth Q-switched laser pulses. In 2004, Dragic first achieved Q-switched pulses with a linewidth of about 5.6 MHz in fiber lasers based on fiber pigtailed acousto-optic modulator (AOM) [14] . In 2012, Zhou et al. demonstrated a fiber pigtailed AOM-based Q-switched erbium-doped fiber laser with a linewidth of 5 MHz [15] . Recently, Zhang et al. reported a Q-switched ytterbium-doped fiber lasers based on the fiber pigtailed AOM with a linewidth of about 7.5 MHz [16] , and we also obtained a narrow linewidth AOM-based erbiumdoped Q-switched fiber laser [17] . However, there is not enough evidence to show that the pulses are truly locked to the single cavity mode by the seed, resulting in the fact that the linewidths of the pulses generated so far are still too wide. For such Q-switched fiber lasers based on the fiber pigtailed AOM, we have found that the frequency shift effect of the AOM resulted from the first-order diffracted beam [18] makes it very difficult to form stable single-longitudinal-mode oscillation, and the output pulses may only be locked near a set of fixed frequency components generated by continuously passing through the AOM of the injected seed in the cavity, which are higher than that of the seed laser, with the help of the gain dynamics of the Q-switch cavity, though these frequency components are very stable. In addition to the fiber pigtailed AOM, other types of switches, such as tuning fiber Bragg gratings [19] , [20] , all-fiber interferometer [21] , and fiber pigtailed electro-optic modulator (EOM) [22] , have also been used in Q-switched fiber lasers. However, none of them has been used for single-longitudinal-mode Q-switched fiber laser with injection seeding technique so far. Considering that these Q-switches do not introduce the frequency-shift effect as AOM does, especially the fiber pigtailed EOM has the advantage of simple, faster switching, larger hold-off ability and a controllable repetition rate, it is possible to avoid the influence of the frequency-shift of AOM introduced by the first-order diffracted beam on the single-longitudinal-mode operation for Q-switched fiber lasers with the injection seeding technique and to narrow the output pulse linewidth further if the EOM is used as the active Q-switch for the fiber laser.
In this paper, we use a commercial fiber pigtailed EOM to replace the AOM in an actively Q-switched ring cavity fiber laser based on the injection seeding technique for narrow-linewidth single-longitudinal-mode pulses. Our experimental results show that the single-longitudinal-mode oscillation of the laser is determined by the power and frequency of the seed rather than the waveform of the Q-switch, and the output pulse linewidth mainly depends on the Q-switched resonator parameters and may be narrowed effectively by decreasing the coupling ratio of the output coupler of the laser. By using a 1 MHz linewidth injection seed, stable single-longitudinal-mode Q-switched pulses with repetition rate from 1 kHz to 100 kHz can be achieved readily with any Q-switch modulation waveforms. The laser linewidth is only 1.5 MHz when total cavity loss reduces to 7.5 dB. This is, to our best knowledge, the narrowest linewidth obtained with a single-longitudinal-mode actively Q-switched ring-cavity fiber laser. Fig. 1 shows the configuration of our Q-switched ring-cavity fiber laser with the injection seeding technique. Two 975 nm laser diodes (LDs) with a maximum power of 500 mW are used to pump two sections of erbium-doped fibers (EDFs), labeled EDF1 and EDF2 with lengths of 1 and 2 m, as shown, via two wavelength division multiplexers (WDMs). The absorptions of the EDFs (Nufern-7/125) are 58 dB/m at 975 nm. Each section of EDFs is followed by an isolator and a narrowband filter to ensure unidirectional light transmission in the cavity and suppress the broadband ASE. Note that the two short sections of EDFs instead of a longer EDF used here can avoid the possible gain self-saturation effect due to the broadband ASE generated while still supplying enough gain for Q-switching operation [23] . The center wavelength, bandwidth, and insertion loss of the filters are 1550.1 nm, 0.4 nm, and 0.4 dB, respectively. The seed source is a single-longitudinal-mode DBR fiber laser and its linewidth is narrower than 1 MHz. The seed is injected into the Q-switched resonator through the 10% port of a 90:10 optical coupler OC1, with the 90% port used as the output port (Port 1) for measurements; the 70% port of another 70:30 optical coupler OC2 in the cavity is used as the second output port (Port 2). Actually, OC2 is not necessary and only for the convenience of measurements here. A commercial fiber pigtailed EOM (Thorlabs) with an insertion loss of 4.5 dB, extinction ratio of 32 dB, and π-voltage of 6 V, is used as the Q-switch. All the fibers used are non-polarization-maintaining single-mode fibers. The total cavity loss is about 12 dB. The whole cavity length is 13 m, corresponding to a cavity mode spacing of about 15 MHz. The longitudinal-mode property is measured with a 1.5 GHz Fabry-Perot (F-P) scanning interferometer (Thorlabs, SA200-12B) at Port 1, and the pulse shapes are detected with a 1.5 GHz photodetector at Port 2, followed by a 600 MHz oscilloscope (Agilent MSO8064A). The laser linewidth is measured by the optical heterodyne method [24] shown in the dotted box of Fig. 1 , where a fraction of output power of the DBR seed laser passes through an fiber pigtailed AOM to yield a frequency shift of 80 MHz at its driving frequency, the frequency-shifted light is used as the reference light, and then combined with the measured pulses by an optical coupler for detecting the beating note with a 1.5 GHz photodetector and a frequency spectrum analyzer (Agilent E4402B). Note that the peak power of the pulses may be adjusted to be identical to the reference light level for maximizing the beating note by a tunable attenuator.
Experimental Setup

Results and Discussion
The output properties of the active Q-switched fiber laser are first investigated when the waveform of the Q-switch is changed. In our experiments, the seed power is fixed at 200 μW, and the Q-switch repetition rate is set to be 80 kHz with turn-on time of 5 μs. Fig. 2(a) shows the measured pulse shape when the pump powers of both LD1 and LD2 are 450 mW, for Q-switching waveforms of rectangular wave (the rise time of Q-switch is about 50 ns) and trapezoidal wave (the rise time changes to 500 ns). As shown, the building-up time of the pulses becomes longer, and the pulse width slightly increases to 400 ns from 350 ns as the rise time of Q-switch increases. However, it is observed in the experiments that both the pulse building-up time and the pulse width are almost identical if the rectangular and trapezoidal waves are with the same rise time, and for the same waveform of Q-switch, the shorter the rise time is, the faster the pulse builds up. Fig. 2(b) shows the longitudinal mode property of the laser measured with the F-P scanning interferometer. From this figure we can see that the laser oscillates in a single longitudinal mode. Compared to the case of AOM [17] , the oscillating longitudinal mode is greatly narrower and its center frequency is much closer to the seed frequency, suggesting that the laser may be locked to oscillate at the cavity mode nearest to the seed duo to the initial excitation of the seed [25] . Note that the locking mechanism here may be different from that in mode-locked fiber lasers [26] - [28] . In addition, it is also observed in our experiments that the single-longitudinal-mode oscillations for the laser have nothing to do with the Q-switch waveform and modulation frequency. This is different from the results shown in [15] about optimizing the pulse shape and linewidth by designing the Q-switch waveform in Q-switched fiber lasers based on AOM. Fig. 2(c) shows the output pulse width and energy of the fiber laser as functions of the repetition rate measured by tuning the modulation frequency of rectangular-wave driving signal on the EOM. One can see that the single-longitudinal-mode pulses may be achieved for the repetition rate from 1 to 100 kHz, the pulse width varies from 50 to 400 ns, and the maximum pulse energy is about 3 μJ at the repetition rate of 1 kHz. Note that the pulse energy may be enhanced by using double-cladding gain fiber or fiber amplifier technique. However, as expected, the pulse width increases while the pulse energy reduces with increasing repetition rate [29] .
The power and the center frequency of the injection seed have important impacts on the singlelongitudinal-mode oscillation of the laser. When the waveform, the repetition rate, and the opening time of the Q-switch are, respectively, fixed to be rectangular wave, 80 kHz, and 5 μs, it is observed that the laser starts to appear some locking phenomena for a seed power more than 20 μW and oscillates in a stable single longitudinal mode for a seed power of about 200 μW. When the seed power is further increased beyond 200 μW, the laser linewidth is observed to be gradually increased, and the single-longitudinal-mode oscillation disappears when the seed power reaches approximately 5 mW. This may be because the injected seed power is too high, causing very deep and unstable gain saturation for the cavity gain fiber. Fig. 3(a) and (b) shows the measured longitudinal mode properties when the injection seed powers are 20 μW and 1.5 mW, respectively. Here we can see that the linewidth of the oscillating longitudinal mode for the 1.5 mW injection seed is obviously widened while the ASE background can not be effectively suppressed for the insufficient 20 μW seed, indicating that the injection seed power must be optimized to obtain stable narrow-linewidth single-longitudinal-mode oscillation for the laser.
When the center frequency of the injection seed is thermal-tuned accurately, mode-hopping phenomena can be observed for the laser during the tuning process. Fig. 4(a) and (b) show the detected longitudinal mode property and pulse shape for a 200 μW seed captured right at the moments when the mode-hopping takes place. As seen, the mode-hopping occurs between the adjacent longitudinal modes of the laser resonator. This may be because their spacing to the seed frequency are identical, giving almost equal interaction intensities for the two cavity modes. The output pulse displays strong modulation with the modulation frequency corresponding to the free spectral range (FSR) of 15 MHz, indicating that the laser truly oscillates on the longitudinal modes of the Q-switch fiber resonator. Fig. 4(c) shows the RF spectrum of the output pulses measured with the frequency spectrum analyzer when the mode-hopping takes place. This clearly shows the beating note at 15 MHz, corresponding to the FSR of the laser. This further confirms that the laser oscillates at the cavity mode rather than the seed. Note that mode-hopping phenomena only take place at specific tuning positions, and stable single-longitudinal-mode oscillations (see Fig. 2(b) ) can always be recovered quickly for most of tuned frequencies, implying that the single-longitudinalmode Q-switched fiber laser may be tuned by thermally-tuning the seed frequency.
It is found in our experiments that the linewidth of the oscillating longitudinal mode depends on the output coupling ratio of laser cavity. Fig. 5(a) shows the measured longitudinal mode of the laser when the coupling ratio of the output OC2 is decreased from 70:30 to 10:90, the corresponding cavity loss is reduced to 7.5 dB from 12 dB. Here, we can see that the linewidth of the oscillating longitudinal mode is greatly narrowed by compared to that in Fig. 2(b) . Note that the resolution of the F-P scanning interferometer is limited to be 7.5 MHz. Therefore, we further measure the linewidth of the single-longitudinal-mode pulses with the optical heterodyne technique given in the dotted box of Fig. 1 . Fig. 5(b) shows the measured RF beating spectrum between the pulses and the reference lights recorded by the frequency spectrum analyzer. If assumed that the reference light is Lorentz-shaped and with a full width at half maximum (FWHM) of 1 MHz, the Q-switched pulse linewidth may be calculated to be 1.5 MHz by the deconvolution algorithm with the measured data in Fig. 5(b) , which is the narrowest linewidth for a Q-switched fiber laser so far to our best knowledge.
It is worthwhile to point out that our laser is packaged into a temperature control box and placed on the vibration isolation platform, however, the stability of oscillating longitudinal mode for the laser is still susceptible to the external environment variations if the cavity length is too long. It is found that the mode-hopping-free single-longitudinal-mode oscillation can be obtained when the cavity length is shorter than 15 m, corresponding to an FSR of 13.3 MHz, about 13 times greater than the seed linewidth (1 MHz). This short cavity length may still be a challenge by considering that very high gain is necessary for Q-switching operation and the length of fiber pigtailed components in the cavity is hard to be shortened. If the Q-switch resonator is replaced by all-polarization-maintaining fibers, larger energy mode-hopping-free single-longitudinal-mode pulses may be achieved with our laser. Moreover, since the EOM only plays the role of active Q-switch, other Q-switches without the frequency-shift effect can equally be used for the laser to overcome the drawback of relatively low damage threshold for the EOM used here.
Conclusion
Based on the injection seeding technique, mode-hopping-free single-longitudinal-mode pulses have been generated by a ring cavity fiber laser with a commercial fiber pigtailed EOM as the active Q-switch. Our experimental results have shown that the single-longitudinal-mode oscillations for the laser are independent of the Q-switch waveform and modulation frequency but may be influenced by the power and the center frequency of the injection seed. With the injected seed power of 200 μW, single-longitudinal-mode Q-switched pulses with the repetition rate and the pulse width from 1 to 100 kHz, and 50 to 400 ns, have been achieved for our laser by simply adjusting the EOM modulation frequency. The single-longitudinal-mode Q-switched fiber laser may also be tuned by thermally-tuning the seed frequency. Moreover, the output pulse linewidth may be narrowed effectively by reducing the coupling ratio of the output coupler of the laser. A lasing pulse linewidth of only 1.5 MHz has been obtained for the laser with injection seeding technique, which is the narrowest linewidth for a Q-switched ring-cavity fiber laser to our best knowledge.
